Graphical Abstract Highlights d Intracortically projecting neurons (ICPN) are heterogeneous cells d ICPN are born throughout the course of corticogenesis d ICPN molecular identity reflects connectivity rather than birth date d RORB overexpression re-specifies intra-class ICPN identity In Brief Klingler et al. demonstrate that transcriptional identities of intracortically projecting neurons reflect their axonal projection target rather than their date of birth or laminar position.
SUMMARY
Neurons of the neocortex are organized into six radial layers, which have appeared at different times during evolution, with the superficial layers representing a more recent acquisition. Input to the neocortex predominantly reaches superficial layers (SL, i.e., layers (L) 2-4), while output is generated in deep layers (DL, i.e., L5-6) [1] . Intracortical connections, which bridge input and output pathways, are key components of cortical circuits because they allow the propagation and processing of information within the neocortex. Two main types of intracortically projecting neurons (ICPN) can be distinguished by their axonal features: L4 spiny stellate neurons (SSN) with short axons projecting locally within cortical columns [2] [3] [4] [5] , and SL and DL long-range projection neurons, including callosally projecting neurons (CPN SL and CPN DL ) [5, 6] . Here, we investigate the molecular hallmarks that distinguish SSN, CPN SL , and CPN DL and relate their transcriptional signatures with their output connectivity. Specifically, taking advantage of the presence of CPN in both SL and DL, we identify lamina-independent genetic hallmarks of a constant projection motif (i.e., interhemispheric projection). By performing unbiased transcriptomic comparisons between CPN SL , CPN DL and SSN, we provide specific molecular profiles for each of these populations and show that target identity supersedes laminar position in defining ICPN transcriptional diversity. Together, these findings reveal a projection-based organization of transcriptional programs across cortical layers, which we propose reflects conserved strategy to protect canonical circuit structure (and hence function) across a diverse range of neuroanatomies.
RESULTS
In order to characterize the laminar diversity of intracortically projecting neurons (ICPNs) ( Figure 1A) , we labeled callosally projecting neurons (CPN) in the primary somatosensory cortex by injection of fluorescent retrobeads in the contralateral hemisphere ( Figure 1B ). Retrogradely labeled cells had a bimodal spatial distribution in SL and DL and were largely absent from L4, where spiny stellate neurons (SSNs) are located ( Figure 1B ). This mutually exclusive distribution of SSNs and CPNs suggests shared lineage relationships between ICPN in which single subtypes are generated at a given time point of corticogenesis.
We next compared the developmental histories of CPN SL and CPN DL . Given their distinct laminar location, CPN DL could either be born together with CPN SL and arrest their migration within deep layers or be born before CPN SL , together with other well described corticofugal deep layer neurons. To distinguish between these two possibilities, we determined the birthdates of the distinct ICPN subtypes by performing daily BrdU pulse injections between embryonic days (E) 12.5 and E16.5 and retrogradely labeled CPNs as described above. This approach revealed that CPN DL are born at E12.5 and E13.5 (as are other DL neurons, such as CSPN [7] ), while CPN SL are mostly born between E15.5 and E16.5 ( Figure 1C ). Thus, despite similar contralateral projections, CPN SL and CPN DL have non-overlapping developmental (and potentially evolutionary) histories.
We further examined how select markers of distinct types of cortical neurons were expressed across these cells. For example, while SATB2 is strongly expressed by CPN SL , whether CPN DL and SSN also express this gene has not been specifically examined [6, 8, 9] . Using SATB2, CUX1, RORB (an L4 marker), and CTIP2 (a L5B corticofugal neuron maker) as canonical markers, we report overlap and heterogeneity in gene expression across ICPN ( Figure 1D ). Most strikingly, while all ICPN expressed SATB2, CPN DL expressed neither CUX1 nor CTIP2 ( Figure 1D ). Thus, based on this select set of markers, confirming and extending previous results [6, 8] , CPN DL , CPN SL , and SSN constitute molecularly diverse and partially overlapping populations of cells, which may be linked to their circuit properties.
Which neuronal feature are transcriptional programs most closely related to? Molecular distinctions between different types of ICPN could in particular either reflect their developmental origin or laminar location, or their circuit identity ( SSNs specifically express tdTomato (Scnn1aTg3 Cre xAi14tdT mice; Figure S1A [4] ). Of note, S1 CPNs did not express the GABAergic callosal neuron markers Lhx6 or nNOS, such that the collected population consisted essentially of excitatory neurons (data not shown). Two-way transcriptional analyses comparing CPN SL and CPN DL identified 136 differentially expressed genes (n = 70 CPN DL ; n = 66 CPN SL enriched genes), while comparison of CPN SL and SSN identified 204 differentially expressed genes (n = 50 SSN; n = 154 CPN SL enriched genes) (Figures 2B, top, 2D, S1, see Data S1 and STAR Methods for more information), whose specificities were confirmed with in situ hybridizations ( Figures 2B, bottom , 2C, and S2). Identified genes included known markers such as Mdga1 and Etv1, which were enriched in CPN SL and CPN DL respectively, and Rorb, which was enriched in SSNs (Figures 2D and S1). We also identified specific genes for each of these populations. SSNs expressed genes coding for neuronal activity-related proteins such as Grm4, Grik1, Kcnab3, and Cacna2d3, consistent with the critical role of input in the differentiation of these cells [11] (Figures S1 and S2). On the other hand, CPNs expressed genes coding for axon growth and guidance-related proteins such as Cdh13, Chl1, Efnb3, Plxna1 and Plxnc4, Sema4g, or Slit3 (Figures S1 and S2).
Supporting the functional relevance of these transcripts, comparison of gene ontologies identified greater enrichment in transcripts related to neuron projections and activity-related functions when comparing CPN SL with SSNs, consistent with the distinctive circuit position and function of SSNs within cortical circuits ( Figure 3A ). To assess the transcriptional relationship between CPN SL , CPN DL , and SSNs, we performed unsupervised clustering of samples based on transcriptional signatures (see STAR Methods). Hierarchical clustering revealed that CPN SL and CPN DL are more closely related to one another than to SSNs ( Figure 3B ). This suggests a primarily axon projection-based organization of transcriptional programs. To formally demonstrate this possibility, we compared the discriminative power of the layer-based taxonomy to an axon projection-based taxonomy, as previously described [12] . Quantitative assessment of these two taxonomies revealed that the axon projection-based classification was more discriminative than the layer-based classification at all levels of stringencies examined ( Figure 3C , top). Accordingly, celltype-specific genes were more differentially expressed between CPN SL and SSNs than between CPN SL and CPN DL ( Figure 3C , bottom). Supporting axon projection-based distinctions in transcriptional identity, CPN DL were transcriptionally more similar to CPN SL than to (also deep-layer) CSPN (Figure S3 ). Of note, corticofugal neuron markers such as Fezf2 and Bcl11b were weakly expressed in CPN DL . This intermediate identity has been reported before and is responsible for the presence of striatal projections in at least a subset of these neurons [13] (Figures 2 and S1C), suggesting that these transcripts are central to corticofugal axon extension independently of the cell type in which they are expressed (see Discussion). Together, these data indicate that ICPN molecular identities more closely correspond to axonal projections than to developmental origin / laminar location. Finally, we sought to identify functional molecular counterparts to the projection-based classification identified above, using Rorb as proof-of-principle transcript ( Figure 4A ). Indeed, Rorb orphan receptor shows a 3.12 Z score when comparing SSNs to CPN SL (see Data S1 for more information) and has been implicated in circuit assembly within and beyond the cortex [14] [15] [16] . More specifically, RORB has been shown to prevent trans-callosal axon growth in CPN SL [15] . Here, we examined whether targeted overexpression of this SSN-specific transcript in ICPNs induces acquisition of SSN-type morphology, electrophysiology, and circuit connectivity. For this purpose, we electroporated a plasmid coding for RORB at E16.5, the time of birth of CPN SL . As previously reported, a fraction of RORB-overexpressing cells showed migratory defects and did not reach the cortex [14] , but some cells maintained their normal migration and reached superficial layers (ICPN RORB , Figures S4A and S4B). We first compared the morphology of ICPN RORB with control cells born at E14.5 (SSNs) or at E16.5 (ICPN L2/3 ). In contrast to ICPN L2/3 , the SSNs are characterized by the absence of an apical dendrite [2, 4, 17] . Strikingly, as it is the case for SSNs, ICPN RORB actively retracted their apical dendrite between P3 and P7, which was not the case in control ICPN L2/3 (Figures 4A and S4C). Thus, RORB expression controls acquisition of a key morphological feature of SSNs. We next examined whether ICPN RORB also acquired electrophysiological properties of SSNs, including changes in I h -type cationic conductances and membrane excitability [4, 18] . Consistent with acquisition of SSN-type electrophysiological features, whole-cell patch-clamp recordings in acute cortical slices showed a lack of I h currents in ICPN RORB , as well as increased membrane excitability ( Figures  4B and 4C ). Interestingly, action potential duration was shorter in both SSNs and ICPN RORB compared to ICPN L2/3 , which could account for the higher firing rate in the former cells ( Figure 4C ). Thus, RORB expression controls acquisition of key electrophysiological features of SSNs.
Finally, we examined whether ICPN RORB acquired an SSNtype circuit identity. Consistent with acquisition of SSN-type local axonal projections, long-range projections were lacking in ICPN RORB , as previously reported ( Figure S4D ) [15] . Focusing on local microcircuit properties, we next examined the local connectivity of ICPN RORB ICPN RORB displayed SSN-type input properties, i.e., lacked ICPN L2/3 input ( Figure 4D ). To this end, we targeted channelrhodopsin 2 (ChR2) expression into deep ICPN L2/3 via in utero electroporation at E15.5 and recorded photo-induced postsynaptic responses in superficial E16.5-born ICPN L2/3 (Figure 4D) . In contrast to ChR2 À ICPN L2/3 neurons, which all displayed synaptic responses following optogenetic stimulation of homotypic neurons, only 6/14 ICPN RORB responded to ICPN L2/3 stimulation, with dramatically smaller amplitudes than in control cells ( Figure 4D ). Together, these findings reveal acquisition of SSN-type morphological, electrophysiological, and circuit properties by ICPN RORB . 
DISCUSSION
Our findings reveal a genetic organization of ICPNs in which transcriptional programs more closely reflect axonal target identity than laminar location or developmental origins. From a phylogenetic perspective, we find these results interesting considering that superficial cortical layers are a recent evolutionary acquisition of mammals [1, 20] . This suggests either that a specialized progenitor class generates CPNs throughout corticogenesis or that a convergent evolution has occurred in deep and superficial layer neurons, in which similar molecular programs were selected for trans-callosal axon extension.
Using Rorb as a proof-of-principle transcript, we show that ectopic expression of a single gene is sufficient to orchestrate the coordinated acquisition of the morphological, physiological, and circuit properties of another ICPN subtype. This further suggests that circuit properties are critical end-point determinants of neuronal identity and the result of convergent molecular programs during neuronal differentiation.
Although molecular distinctions between ICPN and corticofugal neurons are now relatively well characterized [21] [22] [23] [24] [25] , the intra-class diversity of these populations is less well understood, neither from a molecular nor a hodological point of view [8, 26] . The diversity in the connections of ICPNs is very large: these neurons have stereotypical projections across specific areas (for example, from S1 to the primary motor cortex or to the secondary somatosensory cortex [27, 28] ) and single ICPNs can project to multiple areas [29, 30] , but the molecular signatures corresponding to these projection identities are unknown. A gap still exists between our understanding of specific molecular programs and their corresponding effects on wiring. Thus, the long-range wiring specificities of distinct subtypes of ICPNs likely reflect incremental changes in connectivity-defined transcriptional modules rather than discrete on/off states of single master genes [30] .
Here, by taking advantage of the distinct connectivities of specific classes of ICPNs, we identify axon projection targets as a critical determinant of transcriptional program endpoints and molecular neuron identity. This finding is supported by recent studies examining transcriptional identity in hodologically defined neurons: in L6, ventral posteromedial nucleus (VPM)projecting neurons are transcriptionally distinct from VPM + posterior medial nucleus (POm)-projecting neurons [31] and in L5b, thalamus-projecting neurons can be distinguished from medulla-projecting neurons [32] . Thus, axonal projection targets appear to closely correlate to molecular identity across cell types.
Our study also reveals that classical corticofugally projecting neuron markers such as FEZF2 or CTIP2 are also expressed in CPN DL , albeit at lower levels than in CSPN. ICPNs co-expressing these markers are likely to be corticostriatal neurons, which have dual projections to intracortical and subcortical targets [13] . Co-expression of CPNs and corticofugally projecting neuron markers has been reported to occur transiently during development and may reflect a shared ontogeny of the different types of cortical projection neurons [33] . Thus, co-expression of axon projection target-specific transcriptional programs can lead to stabilization of both projections (in the case of corticostriatal neurons) or to the choice of one target over the other, depending on the developmental context. Similarly, CPNs have strong local intralaminar connections with one another, as do SSNs [3] , suggesting that the latter cells may have evolved from CPNs as locally only projecting cells. Supporting this possibility, CPNs and SSNs initially both have an apical dendrite, which is retracted in an input-dependent manner in the latter cells [17] . This suggests that input-dependent factors may have played a role in the emergence of this specialized cell type [1, 11] .
Finally, the existence of primarily projection-rather than lamina-related programs suggests that cortical circuits may to some extent be able to self-organize independently of neuronal position, including in vitro. Supporting this possibility, key connectivity features of Reeler mice seem preserved despite a severe abnormal cortical lamination [34] and heterotopic neurons expressing FEZF2 still project to the spinal cord [35] . Finally, circuit-directed transcriptional programs could provide a molecular basis for Karten's equivalent circuit hypothesis, which proposes that corresponding circuits exist across species independently of their spatial position, allowing conserved function in spite of widely varying neuroanatomies [1, 36] . The target-specific transcriptional programs identified here should help us seek for equivalent circuit across species and investigate this possibility.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Denis Jabaudon (denis.jabaudon@unige.ch). 
EXPERIMENRAL MODEL AND SUBJECT DETAILS
Mouse strains C57BL/6 (for ICPN RNA-seq and in utero electroporations) and CD1 (for immunohistochemical and in situ hybridization characterizations of neuron populations, as well as CSPN RNA-seq) male and female pups and adult mice were used (all from Charles River Laboratory). The Scnn1a-cre mouse line (Jackson Laboratories [39] ; #009613) was crossed with CAG-tdTomato reporter mice (Jackson Laboratories; #007914). All experimental procedures were approved by the Geneva Cantonal Veterinary Authority and conducted according to the Swiss guidelines.
METHOD DETAILS Plasmids
We generated plasmids using a standard endotoxin-free QIAGEN kit (#12362). The ChR2 T159C [40] plasmid was subcloned into the pCAGIG_IRES_GFP vector [37] . The pCBIG_Rorb_IRES_GFP plasmid was obtained from Addgene (#48709) [14] . pGR-IRES-tdTOM [38] and pCAGIG_IRES_GFP plasmids allowing the expression of tdTomato (Tom) and GFP respectively were used as controls.
In utero electroporation Timed pregnant C57Bl6/J mice were electroporated in utero at E14.5, E15.5 or E16.5 as previously described [14] .
BrdU pulse labeling
A single dose of 50 mg/kg of animal weight of 5-Bromo-2 0 -deoxyuridine (BrdU, Sigma #B5002, 16 mg/mL) was administered by an intraperitoneal injection in the mother during pregnancy, from embryonic day (E) 12.5 to E16.5.
Retrograde labeling
Anesthetized pups were placed in a stereotaxic apparatus at postnatal day (P) 9 and injected with red Retrobeads (Rbeads) IX from Lumafluor (for CPN SL versus CPN DL comparison) or with Alexa 488-conjugated cholera toxin subunit B (CTB, Invitrogen, #C-34775) (for CPN SL versus SSN comparison) in S1 (200 nl; coordinates from the lambda: anteroposterior: 3 mm, mediolateral: 3 mm). For retrograde labeling of CSPN, P2 and P3 pups were anaesthetized by hypothermia and were injected with 200 nL Rbeads into the corticospinal tract of the C2-3 spinal cord segment by using ultrasound guidance (Vevo 770, VisualSonics) [26, 41] .
In situ hybridization Antisense RNA probes were obtained after in vitro transcription of P10 mouse brain cDNA using specific primers referenced below (5 0 to 3 0 ).
Postnatal mice were perfused with 4% paraformaldehyde (PFA) and brains were fixed overnight in 4% PFA at 4 C. Fifty-five mm vibrating microtome-cut coronal sections (Leica, VT1000S) were then processed for in situ hybridization on slides as previously described [42] . In brief, hybridization was carried out overnight at 65 C with the digoxigenin (DIG)-labeled RNA probe. After hybridization, sections were washed and incubated with alkaline phosphatase-conjugated anti-DIG antibody (Roche, #11093274910, 1:2000) overnight at 4 C. After incubation, sections were washed and the color reaction was carried out 1 to 24 h at room temperature until the signal was revealed in a solution containing NBT (nitro-blue tetrazolium chloride) and BCIP (5-brom-4-chloro-3 0 -indoly Transcript Forward primer T7 Reverse primer
QUANTIFICATION AND STATISTICAL ANALYSIS
Image quantifications
In Figure 1C , to quantify BrdU + CPNs after injection of BrdU at different embryonic stages, we calculated the percentage of Retrobead-labeled CPNs in L2/3, L5a, and L5-6 that displayed a high intensity of BrdU. Only sections with at least 10 Retrobead-labeled CPN per layer were kept for analyses (n = 2 to 3 sections per pup, n = 3 to 5 pups per age). For L4 BrdU + cells, we delineated L4 with CUX1 staining, from which the barrels were identifiable, and quantified the percentage of BrdU + cells in this area. For the heatmap, the total counted BrdU + ICPN was normalized to 100% per layer, showing the peak of birth for each ICPN population per layer. Error bars represent SEM. In Figure 1D , quantifications of CUX1/SATB2/RORB/CTIP2 fluorescence intensity were done using Fiji software, by normalizing the row values to the background intensity (measured on a region of the section without positive cell) on each section and displayed as the percent of max value on the section (n = 3 sections per pup, n = 3 pups). For CTIP2 intensity quantification, the max value was measured in a positive L5 cell (since most ICPN express very low to not detectable levels of CTIP2). Positive cells were determined as cells with fluorescence intensity at least 2 folds superior to the standard deviation from background intensity and displayed as percent of positive cells. Values are presented as mean ± SEM.
For in situ hybridization quantifications in Figure 2C , Rbeads-labeled CPN displaying ISH signal higher than background signal measured in L1 were considered as positive (n = 2 sections per pup, n = 2 to 3 pups per condition).
In Figure 4A , cells were selected for analysis only if there was no overlap with the primary dendrites of other labeled neurons. GFP/ RORB overexpressing neurons were blindly reconstructed for quantitative analysis of neuronal dendritic arborization using Imaris software.
Bulk RNA sequencing analyses
For bulk RNA sequencing data analyses, we kept only genes expressed more than 20 rpm in at least one sample of ICPNs (n = 9019/ 31083 genes). To perform three-way analyses on the layer versus circuit datasets, we normalized the expression of genes by the means of CPN SL samples from both experiments (normalized expressions shown in Figure S1 ). For Figure 2D , ''manhattan'' distances in gene expressions between samples (for significantly differentially expressed genes from the two bulk RNA sequencings) were unbiasedly clustered using Ward.D2 method and represented in a heatmap. For Figure 3B , samples with similar expression of genes and therefore similar principal components loadings, are most likely to localize near each other in the embedding [44, 45] . Hierarchical clustering was performed using euclidian distance metrics. To compare the discriminative power of the layer-based classification (that is, SL versus DL) with the axonal projection-based classification (that is, local versus callosal), we used the same approach as described in [12] (the paragraph below is directly modified from the original description in this study): we trained 2 linear nu-support vector machine (nu-SVM) classification models. Nu corresponds to the degrees of freedom of the SVM model, and thus inversely correlates with stringency. We determined the maximal margin of separation between the two populations (that is, SL versus DL CPN, or SSN versus CPN SL ), which indicates how distinct these two populations are. Because
Samples
Total reads Mapped reads % Mapped reads N detected genes the 'nu' parameter controls the stringency of the model, we confirmed the results using a range of nu values between 0.1 and 0.5. We looked for genes differentially expressed in the layer and the circuit models using SVM with nu = 0.3. We considered as differentially expressed genes with a FDR < 0.1.
In Figure S4 , we used the same hierarchical clustering as in Figure 3B for comparison with CSPN. For expression analyses using genes identified in [46] , we selected L5 genes (Figure 7 of [46] ) which were expressed in our dataset (n = 19/22 genes). We next performed same hierarchical clustering as described above to cluster samples based on their gene expression.
Statistical analyses of morphological and electrophysiological parameters were performed using Graphpad Prism software. For statistical analyses of neuron morphology at P7, we used 2-way ANOVA and multiple comparisons with Bonferroni correction (n = 17 ICPN L2/3 ; n = 13 ICPN RORB ; n = 13 SSN L4 ). For analyses of electrophysiological parameters, we used Kruskal-Wallis non-parametric test with multiple comparisons when comparing the 3 ICPN populations and Mann-Whitney test when comparing only ICPN L2/3 and ICPN RORB . The number of recorded cells is indicated on each figure. For statistical analyses of dendritic length at P21, we confirmed normality of the data using D'Agostino & Pearson normality test and performed unpaired t-test.
DATA AND SOFWARE AVAILABILITY
The accession number for the bulk RNA sequencing of SSN, CPN SL and CPN DL at P10 is GEO: GSE122742.
Further information and requests for resource data should be directed to and will be fulfilled by the Lead Contact, Denis Jabaudon (denis.jabaudon@unige.ch).
